Abstract-The effects of flow on endothelial cells (ECs) have been widely examined for the ability of fluid shear stress to alter cell morphology and function; however, the effects of EC morphology without flow have only recently been observed. An increase in lithographic techniques in cell culture spurred a corresponding increase in research aiming to confine cell morphology. These studies lead to a better understanding of how morphology and cytoskeletal configuration affect the structure and function of the cells. This review examines EC micropatterning research by exploring both the many alternative methods used to alter EC morphology and the resulting changes in cellular shape and phenotype. Micropatterning induced changes in EC proliferation, apoptosis, cytoskeletal organization, mechanical properties, and cell functionality. Finally, the ways these cellular manipulation techniques have been applied to biomedical engineering research, including angiogenesis, cell migration, and tissue engineering, are discussed.
INTRODUCTION
Endothelial cells (ECs) are a critical component of blood vessels, functioning at the interface between the constituents of the blood and the vessel wall (see Fig. 1 ). The body's maintenance of a healthy endothelial layer is a critical aspect of avoiding vascular disease. Atherosclerosis and thrombosis have been linked to EC injury or dysfunction. 90 These pathologies can cause vessel blockage, which can lead to heart attack or stroke. The most recent data from the American Heart Association reported that cardiovascular disease accounted for 33.6% of all deaths in the United States in 2007. 71 With this high prevalence, the importance of understanding EC function (or dysfunction) has never been more critical.
A large body of work has demonstrated that EC morphology and phenotype are dramatically altered under fluid shear stress. Under unidirectional flow, ECs exhibit an elongated morphology which corresponds with a healthy, atheroprotective phenotype, while statically cultured cells or cells stimulated by disturbed flow exhibit a cobblestone morphology and a more thrombogenic and inflammatory phenotype. While these changes are well documented, the effects of the cells' morphological changes in the absence of flow have only recently been elucidated. Encouraging cells into a specific morphology can be technically challenging, but the application of lithographic techniques in biology encouraged cell micropatterning, which has lead to a better understanding of how morphology alone alters cell phenotype. Soft lithography, however, is not the only method that has been used for altering EC morphology. Other methods include bioprinting and photopolymerization. Using these techniques, micropatterning of ECs causes changes in the cytoskeleton and cellular morphology. In addition to altering cytoskeletal features, EC alignment can change cell phenotype, specifically proliferation, apoptosis, cell migration, and functionality.
The application of some of these techniques increases the interest in utilizing micropatterning for biomaterial design and clinical applications. Researchers used micropatterning to study cell migration and cell-cell interactions. Attempts were also made to use micropatterning to improve the angiogenic potential of cells, build tissue engineered constructs, and improve biomaterials. While many of these applications are in the early stages of development, they represent novel ways for improving current understanding and treatment options for cardiovascular health. Table 1 compares the more common methods for micropatterning ECs and lists some of the advantages and disadvantages seen with these techniques. Many of the methods have been and can be altered for an experimenter's specific desires, which will be discussed in detail in the following sections. While soft lithography is perhaps the most common method for aligning ECs, this term encompasses a large and varied set of work. The idea of using polymer molds from photopatterned wafers has been expanded dramatically. Other methods, such as direct photopolymerization or photodecomposition, also encompass a large variety of work. For this reason, we examine the micropatterning methods in two groups: those that physically confine the cells to wells or channels, and those that pattern biochemical layers to create a cytophilic and cytophobic surface on which cell growth and migration is limited.
METHODS OF ALIGNMENT

Topographical Cell Restriction Lithographic Techniques
Standard lithographic techniques have been used to create design masters on silicon 13, 46, 66 or chrome 81 wafers. The most basic application of these techniques seeded cells directly into the silicon master. 46 While the goal was to observe EC migration toward a chemoattractive agent, the cells' survival throughout 7-day experiment suggests the potential of this method for other applications. A more common approach to micropattern with lithographic techniques used a silicon wafer as a mold for soft polymers, gels, or occasionally more rigid polymer materials. Polyurethane (PU), 13 poly-L-lactic acid (PLA), 66 poly-DL-lactic acid, 66 and polycaprolatone 66 were each cast on silicon wafer molds, allowed to polymerize, and removed, resulting in the channels of dimensions around or greater than the size of the cells. Once seeded, the ECs were primarily observed within the channels of the polymers. A three-dimensional (3D) construct was created by clamping multiple ''sheets'' from the mold technique or by rolling a single sheet, although cells were not tested on either of these construct designs. 66 One of the most common mold materials used for the topographical restriction of ECs with soft lithography is polydimethylsiloxane (PDMS). 22, [78] [79] [80] The PDMS, like other polymers, can be formed into a large variety of geometries and dimensions, and can be protein-coated to enhance cell attachment. 22, 78, 80 The PDMS was also modified to exhibit a variety of elastic moduli to study the influence of stiffness on cells. 22 In 2010, the PDMS mold method was applied to a 3D approach. PU was electrospun onto a rotating cylinder covered with the patterned PDMS mold, which resulted in a vessel-shaped construct with grooves on the interior surface. 79 Polydimethylsiloxane molds were also used to confine ECs within a gel. Collagen type I and ECs were gelled together in 100 lm PDMS channels. 68 Similarly, 1 mm PDMS channels were injected with cells suspended in a thrombin solution. Mixing the cell solution with fibrinogen resulted in a fibrin matrix. The distance between channels (0.5, 1, or 2 mm) allowed for different cell types, including stem cells and human umbilical vein endothelial cells (HUVECs), to be put in different channels. Solidified cell channels were then surrounded with fibrin. 77 Using the PDMS as masters to mold other materials has the advantage of preserving the original silicon wafer master, which can lose its features after many repeated uses. Gao et al. 25 used this approach to create a gelatin mold. Then they used a flat PDMS layer to stamp PEG-PLA to the mold ridges to discourage EC attachment outside of the gelatin channels. Wang and Ho 85 created chitosan gel and gelatin molds using this method, and similarly used a flat PDMS stamp to apply Pluronic Ò (a product composed of block copolymers of ethylene oxide and propylene oxide) to the ridges. The PDMS master technique was applied in a slightly different way to create an agarose mold. PDMS channels were placed on lysine-coated glass. Then, agarose was poured around and through the PDMS. Upon hardening of the agarose and removal of the PDMS, the resulting pattern had a cytophilic surface (the coated glass) surrounded by cytophobic agarose. 75 This approach was also used to create islands for single cells. 27, 62 Janakiraman et al. 39 modified the basic soft lithography technique in a unique way by coating a collagen/ gylcosaminoglycan (specifically chondroitin 6-sulfate) gel with acetic acid. A patterned silicon wafer was placed on top of the gel and weighted down to imprint the pattern into the partially dissolved gel. Gluteraldehyde solution was then used to crosslink and solidify the gel. The imprinted pattern allowed for complex patterns with 2-3 lm resolution. The authors argued that the biodegradability and resulting mechanical properties of the gel made this an improved method for creating tissue engineered scaffolds.
Bioprinting
Bioprinting is the direct application of a desired biological material, such as polymers, proteins, and/or cells, to a surface, yet consists of a very diverse group of methods. Most groups have modified a standard, commercial inkjet or laser printer to function with these materials, rather than ink. One major advantage of these methods is the precise computer control, which increases repeatability. Recent work demonstrated the ability to confine cells with bioprinting by printing cells simultaneously with gelling liquids. Sodium alginate, 63 thrombin, 11, 89 and fibrinogen 89 were each combined with cells and printed onto a substrate which allowed a solid biomaterial to form, in these cases alginate or fibrin gels. Hyaluronan was also suggested as a potential material with this approach. 63 Repeating layers of printing with this technique could form reasonably large solid materials (e.g. 1 9 0.5 9 0.2 cm) in which cells were confined. 89 
Photopolymerization
Photopolymerization (see Fig. 2a ) is a common method for micropatterning topographical features. Itoga et al. developed and improved photopolymerizable polyacrylamide (PAA) systems, which were capable of creating complex patterns over large areas (50 9 50 mm) with high resolution (2-8 lm).
34-37 Another approach to create both channels and circles coated PEG on tissue culture-treated polystyrene (TCP), polymerized the PEG, rinsed the excess, and allowed cells to attach to the underlying TCP. 43 This method was also used to photoimmobilize sulphated hyaluronic acid 2 or hyaluronan-Cu (II) complex 3 on silanized glass. Chen et al. 8 combined photopolymerization with microfluidics by carving a pattern into glass with a diamond point, then filling it with a photopolymerizable, cytophilic polymer, on top of a PAA gel. The glass mold was removed after polymerization with UV. Given the low resolution of this approach (182 lm), the method was modified so that the cytophilic polymer was combined with the PAA and then polymerized out of the PAA with a laser, increasing resolution to 11 lm. Laser speed determined the channel width. In similar approaches, laser were used to ablate PAA-coated TCP (only 34 nm deep) 38 and form grooves on poly(ethylene terephtalate) (PET). 18 Jiang et al. 41 developed another unique method for making microscale topographical features that did not use lithography or photopolymerization. A PDMS sheet was mechanically stretched, oxidized with plasma, and relaxed to form a wave structure that could be used as a mold. Lengthening the oxidation time increased the wavelength and the amplitude. Changing the mechanical properties of the original PDMS also altered the resulting final structure. While this is the only method that generated rounded structures, there was a limited range of sizes that could be created, and the generated wavelength and amplitude were not independent.
Biochemical Cell Restriction
Biochemical cell restriction relies on the use of cytophilic and cytophobic adsorbed coatings to guide cell attachment. While many of the methods described for topographical restriction of cells are similar to those used for biochemical restriction, the resulting cellular environment can be quite different. The basic methods that have been used for creating biochemical micropatterns for ECs are microcontact printing, microfluidics, bioprinting, and photochemistry.
Microcontact Printing
Microcontact printing is a soft lithography technique, which uses a material (often PDMS created from a Si wafer) as a stamp (see Fig. 2b ). The material is coated with a solution and then the raised, coated pattern of the stamp is pressed onto the final surface. The transferred pattern results in a cytophilic or cytophobic domain, around which the original surface remains unchanged.
One of the earliest applications of microcontact printing for ECs used methyl-terminated groups stamped onto glass surfaces with hydroxl-terminated groups. Coating with fibronectin (FN) and blocking with bovine serum albumin (BSA) created FN areas where the stamp was, on which the cells could attach. This approach has been used to make circles, squares, and lanes with up to 1-2 lm resolution. [5] [6] [7] 17 Stamps have also been used for creating regions of thiol-terminated groups 1, 53 and polyethylene oxide, which were also coated with FN. 67 More commonly, FN was stamped directly onto a surface, including glass, 23, 42, 45, 76 polystyrene, 76 silicone, 76 Flexcell Ò surface, 54 cell culture plastic, 19 and PDMS. 21, 70 When using PDMS as a stamp, plasma treatment was used to improve the adsorption of FN onto the PDMS. The stamps or molds created by soft lithography do create consistent patterning material, but the reproducibility of the system relies on the ability of the researcher to apply consistent pressure to each stamp rather than the computer-aided control afforded to some of the other patterning methods presented here. More recent work eliminated some of the batch variation, seen with microcontact printing, with a small, portable device which prints a solution at a set pressure. 20 Blocking the background surface after microcontact printing is a common step to avoid cell binding or migration off of the printed pattern. BSA is a useful non-toxic blocking agent, but some non-specific binding does occur. 23 One group incubated the surface with lipid vesicles to prevent cell adhesion outside of the desired area. 42 Various forms of poly(ethylene glycol) (PEG) are also a strong deterrent for cell adhesion. 1, 10, 25, 53 Pluronic Ò (BASF) has been used frequently. 54, 70, 76 Tan et al. determined, with various concentrations of hydroxyl-terminated surfaces, that a surface above 40% -OH was needed for protein adsorption, but the Pluronic Ò did not adsorb at higher than 70% -OH. 76 They preferred the F127 product to the shorter, less hydrophobic version, F108, and found the printed and blocked surfaces were stable for at least 4 weeks. Stamping of cytophobic materials was accomplished with PEG on chitosan. 25 The cells attached onto the chitosan, after which, the PEG was washed off. The revealed unseeded chitosan was then seeded with a second cell type. 10 Multiple cell types on a single surface were also accomplished by consecutive seeding onto temperature-sensitive, microcontact printed, polymer dishes. 19 
Microfluidics
Microfluidics is another common soft lithographic method for confining cells biochemically. Molds are made as described for microcontact printing, but rather than using the mold for stamps, the molds are placed on a surface through which a fluid can be pulled with a vacuum (see Fig. 2c ). All the microfluidic approaches discussed here for controlling ECs used a PDMS mold. Most surfaces on which the mold was placed were glass or TCP, but one group used silicone. 87 Protein solutions were often used for encouraging cell attachment, including FN 65, 87 and collagen I. 30, 31, 51, 82, 83 As with microcontact printing, surfaces were blocked with BSA 30, 31, 82, 83 or Pluronics Ò . 51, 65, 87 Lane widths ranged from 5 82 to 80 lm.
31
In addition to creating cytophilic and cytophobic surfaces, microfluidics was used to create biochemical and mechanical variations. To study cell migration, biochemical variations were created by pulling a high concentration of collagen through a mold, removing the mold, and then adding a low concentration of collage over the entire surface. 30, 31 To create varying mechanical stiffnesses, an acrylamide solution was pulled through a PDMS mold, cured with a UV light, and the mold was removed. Another acrylamide solution was then added to surround the entire original area. After curing the second solution, the entire surface was coated with FN. 28 A similar approach was used to form mechanical variations with PDMS surfaces. Rather than using a mold, solidified PDMS was cut into squares, heated, and adhered to a sucrosecoated substrate before pouring a second PDMS solution around the squares. After the second solution cured, the sucrose was dissolved, and the surface was coated with FN. 28 Creating these mechanical variations in the surface is neither topographical confinement nor biochemical restriction. This unique type of micropatterning occurs through cells' preference to migrate from compliant to stiff regions of the material over a period of days (rather than hours as seen in biochemical patterning). The mechanical variations methods resulted in about 70% of cells in the stiffer regions, vs. around 95% of cells staying within a biochemically restricted region. 28 
Bioprinting
Bioprinting has occasionally been used to physically confines cells, as discussed previously; yet, the more common usage is the direct application of a desired solution onto a flat surface. One of the earlier uses of inkjet printing with ECs used cells in culture medium to print small groups of vascular ECs (1-4 cells per drop). 60 Using a modified Hewlett-Packard inkjet printer, Gauvreau et al. were able to print CRGD, GRGDS, and WQPPRARI peptides as well as their combinations onto plasma-treated expanded polytetrafluoroethylene (ePTFE). 26 Similar results were obtain by Woodrow et al. using a modified robotic microarray printer (Virtek ChipWriter Pro, BioRad, Hercules, CA) to print proteins singularly and in combination, specifically collagen I, collagen III, collagen IV, FN, laminin, and Matrigel (a solution of basement membrane proteins), onto electrospun PLA scaffolds or onto a HydroGel slide (a commercially available acrylamide surface on glass). 86 These researchers showed the preferential attachment of several cell types onto these protein-coated scaffolds for the purpose of tissue engineering.
Two similar methods, laser-guided direct writing and biological laser printing, were used for writing materials and cells. Laser-guided direct writing was developed based on the principles of optically trapping cells. Like optical tweezers, cells are forced into a position with a laser beam, but rather than holding the cell in a fixed position, the laser-guided direct writing technique forces the cells along the beam onto an arbitrary surface. 58, 59 This technique was used to 'write' cells onto Matrigel, and by writing on a collagen gel layer above a previously written layer, they created a 3D construct. 58 While other cells types could be written directly, HUVECs had to be attached to beads for use in this system due to the cells' low refractive index. Biological laser printing was used to print a polymer (sodium alginate), a biomaterial (hydroxyapatite), and ECs. 29 In this system, a laser transferred materials and cells from a thin layer (adhered to a glass substrate) to the final substrate in a controlled pattern. Guillemot et al. optimized their system to print from multiple material types without reloading the system.
A process called microscale direct writing was also used to pattern ECs. 32 This method employed an atomic force microscope (AFM) to put gelatin, collagen IV, FN, or fluorescent dyes on an epoxy-modified glass surface, which allowed for covalent bonding of the molecules. The AFM cantilever had a reservoir for the biomolecules, which were transferred to the surface through direct contact or capillary action.
Photochemistry
The use of light (most often UV) to polymerize or degrade various materials from a surface has gained in popularity in recent years (see Fig. 2a ). This approach has similar features to microcontact printing or microfluidics in that the resulting surface usually has two constituents, a cytophilic and a cytophobic region. Matsuda et al. 55, 56 first developed this technology for ECs. Using a photomask, UV irradiation allowed cells to attach where the mask was, or was not, based on the materials used. For example, cells adhered on TCP when the poly(dimethyl acrylamide) was photopolymerized, preventing cell attachment to the irradiated region. Alternatively, when styrene copolymer was cast on polyvinyl alcohol, cells adhered on the irradiated regions. 55, 56 As illustrated by these initial studies, decomposition or immobilization can each result in either cytophilic or cytophobic regions.
Photodecomposition was used to create twodimensional (2D) and 3D structures as well as micropatterning of single or multiple cells types. In one study, photodecomposition removed the PEG coating from a silanized glass surface. 44 Similarly, tetraethyleneglycol was photodecomposed to reveal a silane layer and protein attached to the glass on which the ECs were seeded. 64 After cells were allowed to attach in the lanes, they could be transferred to a Matrigel or collagen I gel, which encouraged tube formation. In another variation, TiO 2 nanoparticles were patterned onto a glass slide, covered with photoreactive hyaluronan, photoetched to remove the hyaluronan, and seeded with cells, which preferentially attached to the TiO 2 pattern. 48 This photodecomposition approach was also used to seed multiple cell types. A photoreactive polymer-coated glass slide was stimulated with UV through a photomask so that the polymer was only removed from one area. After seeding the first cell type (on the newly exposed glass), the photomask was moved to remove the polymer from another area. This second area then allowed for the attachment of a second cell type. 40 Photoimmobilization was also used for micropatterning. UV was used to photoimmobilize gelatin [combined with VEGF (vascular endothelial growth factor)] onto polystyrene or silanized glass either as drops of solution or through a photomask to give a grid pattern on the surface. 33 The VEGF encouraged cell attachment and proliferation in a dose-dependant manner. Hyaluronan was also used on silanized glass (as described above), but instead of coating the surface and decomposing the hyaluronan, it was immobilized on the surface. 16, 47 This resulted in some depth to the features, but the 40-nm depth was minimal compared to the depths of topographical cell restriction. Few other users of these techniques measured or commented on any resulting differences in height within their work. Moon et al. photopolymerized a PEG base layer onto a glass surface, and then patterned a cell adhesive ligand (RGDS)-conjugated PEG polymer using a photomask. 57 This group made a more complex and precise structure using laser scanning lithography to bind VEGF and RGDS to their PEG base. 50 A similarly unique method used PEG photopolymerized on glass. Interestingly, cells would attach to the glass and not the PEG when the PEG was dissolved in methanol, but would attach to the PEG and not the glass when the PEG was dissolved in a water/methanol mixture. 91 Nakayama et al. developed a semi-automated process to produce micropatterned chips (20 samples at a time). The poly(ethylene terephthalate) film was grafted with three polymers onto three lanes using photopolymerization: polyAANa (stained for negative ions), polyDMAPAAm (stained for positive ions), and polyAAm (nonionic polymer). Cells were confluent on the polyDMAPAAm and the non-reacted surface, could migrate onto the polyAANa region, but would not adhere to the polyAAm. 61 Plasma etching and plasma polymerization have also been used to create micropatterned surfaces. Satomi et al. plasma etched PEG off of gold-coated surfaces. 73 Using multiple sizes of PEG chains, this work determined that shorter chains led to a higher PEG surface density and lower nonspecific protein binding to the gold surface which resulted in less cell spreading outside the desired region. 73 Reactive oxygen plasma etching was used on poly-L-lysine coated glass or polystyrene. Using a PDMS mold on the surface, the contacted areas resulted in unetched regions. 69 The etched polystyrene and the unetched poly-L-lysine (surrounded by etched glass) supported cell attachment.
Other Techniques
A few other unique variations of what has been described previously have been tested for micropatterning ECs. Gray et al. modified their method of pouring agarose around a PDMS mold by relying not only on the plated FN areas, but also adding an electrode to the base of the area. By flowing the cells across the surface, only one cell was allowed to attach to each electrode. 27 While this approach ultimately resulted in a physical restriction of the cells, the use of electrically trapping could allow for patterned cells without the agarose mold. In another variation on the methods described above, the standard soft lithography approach was modified for use on a glass surface, where photoresist was patterned onto glass, collagen coated the non-patterned areas, and then the photoresist was washed away. This allowed for the seeding of multiple cell types, and since the photoresist was removed little topographical restriction remained. 93 Gagne et al. micropatterned peptides (CGRGDS and CWQPPRARI) onto PTFE samples. One peptide was sprayed onto the surface and then soaked in a solution with the other peptide to give dots of~10 lm in diameter of the sprayed peptide. The dots and background coatings were made using each peptide. The dot size could be controlled but the position was random. 24 
EFFECTS OF MICROPATTERNING
The huge diversity of micropatterning techniques discussed here illustrates their potential use in a variety of biological systems. Micropatterning has allowed researchers to distinguish differences in cell alignment, proliferation, and function of the cells. Appreciating the changes that occur with ECs, through alterations in cell morphology or cell-cell contacts, can not only improve the understanding of this crucial cell, but also aid in the discovery of future clinical applications.
While ECs were used in all the studies described here, it is important to note that ECs come from a variety of sources from throughout the body. Large arteries (i.e., aorta, pulmonary, or carotid) were frequently used to harvest mature ECs from a variety of species. HUVECs are also a very common EC model, which are a highly proliferative, readily available source for healthy, human ECs. HUVECs are preferable to immortalized cells lines, 52 but behave quite differently from aortic ECs. 74 Substantial differences were found between the ECs of arteries and veins, 9, 15, 49 as well as the ECs of large vessels vs. small ones. 9 Therefore, throughout this section, the specific cell source used in each experiment is identified, particularly when results differ between cell sources.
Morphology Cell Shape
Cell confinement on micropatterned surfaces was accomplished with both the topographical and biochemical restriction methods described previously. Cell alignment in micropatterned lanes was not only repeatedly observed but also quantified. Researchers utilized a width to length ratio of the cells 40 and a surface area to perimeter ratio or ''shape index'' to indicate an elongated morphology. 53, 82, 83 Li et al. used the latter method to determine alignment and measured the angle of alignment from the intended direction by calculating the absolute value of the cosine of the angle. 51 Using these methods, elongation was observed within 24 h and maintained for at least another 24 h with a microfluidic method of attaching carotid ECs on collagen I. 83 Cell density 53 and cell area 80 were unchanged between the micropatterned and non-micropatterned aortic ECs. A nuclear form factor analysis was also used to quantify alignment in micropatterned lanes. 22 This method compared the log of the length over width of the nucleus, where the dimensions were relative to the pattern's axes. Feinberg et al. 22 argued that because the nuclear and cell alignment correlated well, the nuclear form factor analysis incorporated geometrical alignment and orientation using one metric.
While the quantification of cell alignment can be a time-consuming process, the resulting data are quite compelling (see Fig. 3a ). Vartanian et al. used the shape index to confirm that the cell alignment seen with biochemical micropatterning was the same as that seen from subjecting the ECs to fluid shear stress.
These values were significantly different from the nonpatterned, control group. 82 This confirmed the validity of using micropatterning techniques to mimic the EC alignment induced by flow.
The micropatterned lane size significantly affected the alignment of the ECs. In general, decreasing lane width increased the percentage of aligned cells or the extent of alignment. The maximum width for cell alignment appears to be approximately 200 lm. Jang et al. found that vascular ECs aligned with 150 lm channels but less so with 200 lm channels. 40 At 182 8 and 115 lm 53 widths, cell alignment was only observed on the edges. Decreasing FN lane width also increased alignment with HUVECs. 87 Li et al. 51 observed aortic ECs on 15, 30, and 60 lm lanes, where the angle of alignment was significantly different from controls for all micropatterned groups. On 60 lm lanes, where cells were not touching the edge, there was often still alignment (likely through cell-cell communication). The 15-lm lanes caused the most elongation while the 30-and 15-lm lanes also had lead to significantly lower spreading areas. 51 Increasing channel depth (from 200 nm to 1 lm) also increased cell alignment and elongation. 80 On a surface with wavy topography, greater capillary EC alignment occurred with greater wavelength and amplitude. 41 The spacing between the lanes of confined cells can alter their morphology as well. Even with a non-fouling surface between cytophilic areas, cells can remodel adhesive proteins, lay down new proteins, or simply bridge the gaps between areas of attachment. Chen et al. found that bovine capillary ECs bridged PEG gaps up to 10 lm and human capillary ECs bridged gaps up to 20 lm, 7 which was similar to the crossover range seen with bovine pulmonary ECs blocked with a lipid membrane. 42 With topographical patterning, depth became an important factor in cell orientation; HUVECs bridged 3 lm deep grooves, yet attached to the floor of 10 lm deep grooves. 18 When collagen I lanes were blocked with BSA, endothelial progenitor cells derived from blood frequently crossed over the 20 or 45 lm wide gaps and decreasing the lane width or spacing led these cell to spread within 4 h. 84 Kofron et al. determined that for their model of microcontact printing with FN, the protein width contributed the most to HUVEC alignment (47.3%), while the spacing width contributed 32.6%, and the plating density contributed 20.1%. 45 These quantitative contributions would certainly vary for other cell types or micropatterning techniques. Feinberg et al. systematically and rigorously observed the effects of elastic modulus, surface chemistry, ridge height, and lane spacing on the nuclear alignment of porcine vascular pulmonary ECs. The ridge height and surface chemistry, and to a lesser extent the width of the 72 calculated direct fold changes (2 2ddCt ), whereas Kato et al. 38 used relative differences from gel electrophoresis. *indicates data from the greatest treatment difference and **indicates the average from three patterns.
ridges, affected the nuclear alignment. By isolating the effects of material stiffness, they found that there was a small increase in alignment with stiffer materials, but only with the 1.5-lm tall ridges. 22 In many cases, topographical micropatterning had greater nuclear alignment than micropatterning without ridges; however, alignment was the same with 5 lm ridges or 50 lm lanes of patterned FN. The greatest alignment was seen on 5 lm ridges with FN, suggesting that the combination of biochemical signals and microtopography may have the most profound effects on ECs; however, since the combination of the two was not an additive or synergistic effect and was not significantly different from the 5 lm ridges or 50 lm lanes of patterned FN alone, the combination may hinder the individual effects.
There can be little doubt that micropatterning with lanes leads to cellular alignment along the lanes, but this occurred with both subcellular-and cellular-sized lanes. Microvessel ECs formed a single cell width on lanes about 10-20 lm wide, and a 2 cell width was observed at 30 lm. 25, 85 Interestingly, pulmonary ECs cultured on 5 lm wide FN lanes separated by 5 lm spacing did not align, 22 but when HUVECs were plated on FN lanes of 10 lm with 10 lm spacing, the cells stayed aligned even when they crossed over the protein lanes. 45 Di Canio et al. determined that 9.2 lm is the minimum width in which human coronary artery ECs can align. They explained that this minimum length restriction is due to the size of the nucleus. 16, 48 While this may be true for biochemically restricted cells, topographical patterns can influence cells even when the features are subcellular sized. 78 Endothelial cells have also been confined to micropatterned islands. This afforded control of single cell spreading and number of cell-cell contacts. 6, 27, 62 When squares of FN were patterned, the larger ones (40 and 20 lm in width) yielded primarily flattened cells, while the 5-lm wide squares gave completely rounded cells. 42 
Cytoskeletal Alignment
In addition to observing and quantifying cell and nuclear alignment, specific cytoskeletal elements were altered during micropatterning compared to non-patterned controls. Changes were observed in actin, 5, 32, 41, 53, 70, 78, 80, 82, 83 focal adhesions (FAs), 5, 41, 53, 78, 80, 81 and microtubules, 83 but not in vimentin 70 or VE-cadherin (see Fig. 3b ).
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Actin quantities increased significantly with micropatterning compared to controls, and the fibers have aligned in the direction of the topographical or biochemically restricted patterns. 17, 32, 53, 70, 82 Alternatively, one study found with HUVECs that the amount of actin staining significantly decreased with the smallest width lane of 15 lm, while on larger lanes there was no difference in actin compared to controls. 87 With topographical patterning at the sub-cellular scale, the actin fibers were co-located with the ridge features. 41, 78, 80 When ECs were seeded on very small cytophilic circles (diameter = 3 lm), such that single cells would bind to multiple circles, actin was localized around the circles with fibers stretching between them. 5 The actin staining for the biochemical micropatterning of ECs was similar to that seen for ECs applied to fluid shear stress. 82 However, a dense peripheral band of actin was observed with micropatterned ECs but not with flow-induced alignment. 83 Additionally, actin alignment on micropatterned cells began within the first hour after seeding, was largely completed by 24 h, and was maintained for at least another 24 h, whereas flow-induced actin alignment was not seen until 8-12 h. 82 This substantial change between flow-stimulated and micropatterned cellular structure could have profound differences related to cell functionality. Cell structure relates to cell signaling, 12 mechanical properties, 14 and motility 5 suggesting that all these areas may be altered between micropatterned and flowstimulated cells.
Focal adhesions increased with micropatterning and were seen along the edges of the pattern. 53 Like with actin, sub-cellular topography caused the FAs to clearly align along the edge of the pattern. 78, 80, 81 With a sub-cellular wavy topography, however, no changes were observed in FAs among the crests or troughs on which the cell was attached. 41 A single study using HUVECs on 15 lm lanes indicated decreased FA with micropatterning, 87 but with aortic ECs, more FAs were seen on 30 and 60 lm lane than on 15 lm lanes. 51 When capillary ECs were seeded on square and circle patterns, the FAs were observed primarily around the edges where the tension was highest. 5 With increased cell area (from 10 to 50 lm wide squares), the FAs and phosphotyrosine increased. Similar results were seen when contact area was limited but cell area was still allowed to increase. 5 However, conflicting results have been found regarding the effect of cell density. One group found that increasing cell density decreased FAs 62 and another found it increased. 21 FAs organized within the first 24 h after seeding. 81 Microtubules aligned with the micropatterned lanes. 83 As with actin, this alignment was seen within the first hour, completed by 24 h, and maintained for at least another 24 h. The microtubule-organizing center was not affected by micropatterning, whereas under fluid shear stress, the microtubule-organizing center moved to the upstream position. 83 Interestingly, disruption of the microtubules, but not the actin, prevented EC alignment on the micropatterned lanes.
Proliferation and Apoptosis
Micropatterning has been used for the examination of cell-cell contact for studying proliferation. By forming limited cell contacts, specifically 0-4 neighbors, Gray et al. found that ECs with cell-cell contact had increased proliferation compared to no cell contact. With 2-4 cell contacts proliferation increased but less than with a single cell contact. 27 This suggests that cells in a single cell width lane would have higher proliferation, but typically the extent of alignment did not affect proliferation. 80 Elongated cells also had the same DNA synthesis and nuclear volume as rounded cells. 70 Dike et al. found that ECs in 10 lm lanes stopped proliferating by 72 h. 17 Perhaps these results are not related to the cell contacts, but rather the spreading area, which has been linked to proliferation. A surface area of 1500 lm 2 encouraged spreading and proliferation, and an even higher growth rate was seen in cells confined to 3000 lm 2 . 6 Likewise, limiting spreading appears to increase apoptosis. 7 When EC surface area was limited to 500 lm 2 with micropatterned islands apoptosis increased. 6 This was also true on 10 lm-diameter micropatterned circles, which resulted in substantial cell death. 23 Wu et al. found that 15 lm lanes confined HUVECs such that more than 50% of the cells were apoptotic or dead after 12 h. The decrease in cell spreading and the presence of annexin V (an early apoptosis marker) confirmed the observed cell death. 87 Interestingly, the application of flow parallel to the 15 lm micropatterned HUVECs reversed most of these changes. The authors suggested that the increase in Rho activation limited apoptosis and that ''both parallel flow and RhoV14 exert their anti-apoptotic effects through the formation/organization of cytoskeleton-FA.'' 87 When capillary ECs were patterned on 10 or 30 lm lanes, however, apoptosis was not observed even though smaller width lanes did result in a lower spreading area. 17 These conflicting results may illustrate one of the potential differences between these cell types.
Functional Cell Migration and Signaling
Migration of ECs on micropatterned surfaces has been examined primarily through time lapse microscopy. 28, 31, 51, 78 When ECs were patterned on 15 lm collagen lanes, they migrated significantly faster than on 30 or 60 lm. 51 Lin et al. also showed a dependence on lane width for the migration of ECs within micropatterned lanes (see Fig. 3a) . The migration patterns of ECs on 20 lm lanes were similar to the cells located on the edges of 115 lm micropatterned lanes, while the cells in the center of the 115 lm lanes migrated similarly to non-patterned ECs. The migration observed within the lane, however, was decreased when flow was applied either parallel or perpendicular to the lanes. 53 Alternatively, Uttayarat et al. found that micropatterning can encourage or discourage migration when flow is parallel or perpendicular, respectively. The shear stress threshold where flow overcomes patterning in regard to migration appears to be between 13.5 and 58 dyn/cm 2 . 78 Similarly, the chemotaxis driven by collagen (where cells migrated to a higher concentration of collagen) was overcome at a flow rate of 3 dyn/ cm 2 after which migration rates were dominated by the fluid shear stress. 31 The micropatterning of two mechanically different substrates led to cell migration from the less stiff to the more stiff regions. The researchers blocked proliferation in these experiments to confirm that the observed cells were driven by mechanotaxis and did not just grow more readily in the stiffer regions. 28 While cell spreading has largely not been examined in micropatterned lanes, it has been a focus of ECs confined to single cells or small micropatterned islands. Having cell-cell contacts reduced the EC adhesion to, and spreading on, the extracellular matrix (ECM). 62 Cells with limited spreading ability had increased RhoA signaling, which regulates cytoskeletal dynamics, but lower ROCK activity, which can inhibit integrin activation and cytoskeletal contraction, suggesting that the RhoA activity did not result in ROCK and myosin activation. 4 While these results are important for cell regulation, the specific consequences of these results are unknown; however, they clearly emphasize the importance of cell spreading and attachment in regulating the cells' mechanical and chemical signals.
A detailed look at focal adhesions and migration was performed with the aid of fibroblasts seeded on subcellular-sized micropatterns. 88 When spacings between areas of potential binding were increased, spreading speed and extent of elongation decreased. Cell migration was directionally oriented with the cells spreading their membrane processes in the direction of newly formed focal adhesions. Xia et al. 88 developed a computer model, based on the focal adhesion driven migration, which was capable of predicting cell orientation and elongation during migration on micropatterned islands. The results of their computer model and experimental cell studies were highly correlated, which illustrates the power and potential for future work of combining micropatterning and modeling.
Gene and Protein
The results for the changes in gene expression and protein production due to micropatterning of ECs are limited (see Figs. 3b and 3c) . Kru¨ppel-like factor 2 (KLF2) gene expression (a transcription factor known for its fluid shear stress dependence) was increased not only to ECs under fluid shear stress, but also for cells that were elongated by micropatterning. However, the cells under shear stress (either patterned or not) had higher KLF2 expression than the micropatterned cells. When microtubules but not when actin were disrupted, the KLF2 was significantly downregulated. 82 Therefore, the increase in KLF2 due to micropattern elongation was dependent on microtubule elongation, but not actin elongation.
The components of the basement membrane on which ECs reside vary depending on the location and flow conditions. Collagen IV and laminin are considered atheroprotective ECM, while FN and collagen I are considered atheroprone matrix proteins. Carotid ECs, aligned with micropatterning, deposited significantly more collagen IV and less FN compared to the nonpatterned controls. 84 When HUVECs were cultured in lanes, they produced laminin and FN, but not collagen I after 14 days in culture. 57 As a component of the ECM in wound healing, it is unsurprising that FN was deposited by HUVECs around the dramatic topography, like in grooves and around pillar and well structures, suggesting that the cells use the FN to stabilize themselves. 81 Therefore, FN may increase with cells on topographical features rather than biochemical ones.
E-selectin, VCAM, and ICAM are important surface bound markers which promote leukocyte adhesion. E-selectin gene expression was significantly decreased when flow was applied to either micropatterned or non-micropatterned cells, but protein was unchanged between the micropatterned and control vascular ECs. 82 Lymphatic ECs, which were confined to small micropatterned circles (such that spreading was limited), had significantly more VCAM than control cells, but no difference in VCAM gene expression was observed with cells aligned in channels. 43 Vartanian et al., however, did observe significantly less VCAM gene expression with biochemically patterned ECs as well as ECs stimulated by fluid shear stress. Additionally, VCAM gene expression synergistically decreased when fluid shear stress was applied to micropatterned cells. 82 ICAM gene expression was significantly increased in ECs under fluid shear stress alone; however, no change was observed with aligned micropatterned cells or even micropatterned cells with flow applied. 82 Conversely, aligned HUVECs expressed significantly more ICAM gene than control cells at 12 h and nearly significantly (p = 0.08) more at 24 and 48 h. Circular patterned HUVECs also had more ICAM gene expression than control. 43 In general, these results suggest that elongated cells are less prone to immunogenic stimulation.
Immunogenic Response and Hemostasis
Some research has directly observed the immunogenic responses of micropatterned cells (see Fig. 3b ). In one study, monocytes were attached to carotid ECs, and detachment was observed with time-lapse microscopy. Greater detachment was observed on aligned ECs compared to non-patterned cells. 82 Kidoaki and Matsuda observed the nitric oxide (NO) production from HUVECs patterned in round and spindle shapes. EC release of NO can inhibit leukocyte adhesion and is a potent regulator of platelet aggregation. In their study, control cells (non-patterned) had the greatest NO production followed by the round pattern cells. The lowest NO production was seen in the spindle-shaped cells. This is unlike that seen with flow-aligned cells. 44 While many of the other changes that have been observed with micropatterned ECs suggest their improved immune and hemostasis functions compared to non-patterned cells, their inability to increase NO production does not.
Mechanical Properties
While the mechanical properties of individual cells are not often tested, early work found that the application of fluid shear stress significantly increased the mechanical stiffness of aortic ECs, which may be attributed to the observed alignment of actin filaments. 72 Similarly, when HUVECs were micropatterned onto either rounded morphologies (90 or 120 lm diameters) or elongated morphologies (20, 30 , or 40 lm widths), rounded cells were less stiff than control (non-patterned) cells with the smaller 90 lm diameter being less stiff than the 120 lm one. The 40-lm elongated cells had the greatest stiffness, with the 30-and 20-lm widths being similar to control values. The elongated cells had denser stress fibers compared to round and control ECs. 44 In a similar study with microvessel ECs, different results were obtained (see Fig. 3a ). When cells were elongated with micropatterning, they exhibited a slight increase in stiffness at the center of the cell compared to ECs micropatterned into 2500 lm 2 area circles, but a significant decrease in stiffness at the edge. The overall storage modulus (G¢) was significantly lower from rounded ECs. 70 This may appear opposite from what was seen previously; however, the results of the elongated cells of the latter study were compared to cells that are physically confined into a rounded micropatterned area that was substantially smaller than the previous work. While the surface area was the same for the elongated, micropatterned cells, the strain within the rounded cells was substantially higher. 70 It appears that cells which are allowed to spread more extensively do not exhibit such dramatic internal strains.
APPLICATIONS FOR REGENERATIVE MEDICINE
Cell-Cell Interaction and Migration
The study of cell-cell interactions has been greatly enhanced through micropatterning. Micropatterning has been useful for limiting cell contacts and confining cells or chemo-attractive agents to a particular region. Hepatocyte function was improved through contact with ECs. By micropatterning lanes that allow the seeding of both cell types in different regions, the contact and cellular signaling was improved. 93 Consecutive seeding allowed for multiple cell types to be seeded on the exact same surface through the use of photomasks and the micropatterning techniques. 40 Micropatterning has been very useful for studying cell migration. Two studies used micropatterned topographical molds to seed cells into lanes with gels. By encapsulating them in soft materials their migration, interactions, and angiogenic potential were observed. This basic approach was used to study HUVECs under mechanical strain 92 and the migration of various types of stem cells toward HUVECs. 77 
Tubulogenesis/Vasculogenesis
Perhaps one of the most widely interesting applications of micropatterning ECs has been angiogenesis or vasculogenesis for tissue engineering. It is generally accepted that the majority of tissue-engineered constructs will require some type of vascular network to allow for nutrient diffusion and waste removal for the cells; therefore, the interest in creating vessels and capillary networks extends to a large range of applications. Micropatterning has been used toward this end in a variety of studies to stimulate the spontaneous tubulogenesis of ECs. 10 lm FN lanes made from microcontact printing stimulated human capillary ECs to form tubes by 72 h, and the tubes detached from this surface around 4 days. PECAM (CD31) staining was seen as a line along the lumen. FN and laminin were also reorganized to a central line by 72 h. 17 Dike et al. indicated that this micropattern-induced tubulogenesis followed the steps of previous in vitro angiogenesis. After cell alignment, a cellular cord formed and ECM tendrils formed on the cell surface. Subsequently, the adherent cells enveloped the ECM tendrils and generated tension causing detachment. The last step of removal of the central ECM thread and ECM accumulation on the abluminal side, which causes reversal of EC polarity, did not occur in the micropatterned cells. 17 Gao et al. were also able to form tubes on 10 and 20 lm gelatin surface patterns after 3 days using human microvascular ECs. In addition, they used topographically restricted gelatin molds with 20 and 30 lm width grooves of 4.6 lm depth for tublogenesis. 25 HUVECs were also cultured to form tubes by optimizing the concentration of RGDS peptide on an RDGS-PEG polymer surface and the width of the channel 57 and were further enhanced through the addition of patterned VEGF. 50 Another group micropatterned HUVECs and stimulated tube formation by transferring the patterned lanes of cells onto a matrigel or collagen layer. 64 After using micropatterning for tubulogenesis, one technique was developed to pattern a second cell type around the EC tubes. 10 This study used fibroblasts as a proof-of-concept work of this technique and showed that the cells would form around the previous one; however, much work is still needed to optimize and test the benefits of this co-culture scheme. Most recently, bovine adrenal microvascular ECs or HUVECs were gelled in collagen I within a PDMS micropatterned mold and stimulated with bFGF (basic fibroblast growth factor) and VEGF. This approach created tubes in 24 h and even allowed for some control of the diameter. With a fixed channel width, higher collagen concentrations formed larger diameter tubes with the HUVECs. Also, with a constant collagen concentration, larger tubes were seen with increasing channel width. 68 
Tissue Engineering
In addition to creating a vascular network for supplying blood to other organs, there is also a strong interest in creating vascular constructs for grafting around diseased and blocked vessels. The goal is to provide better alternatives to current grafting techniques. Current graft materials include autologous veins, which cause donor site morbidity, and are not a viable option in all patients, or synthetic replacements, which are successful only at larger diameters. The work that sprayed ePTFE with various cell adhesive peptides (described at the end of ''Effects of micropatterning'' section) has implications for improving the endothelialization of Gore-Tex grafts. 24 Having an endothelial layer may improve the integration and integrity of the grafts by decreasing tissue ingrowth and thrombus formation. However, the technique for spraying the peptides was developed for a flat surface and was not applied to the vessel lumen; indeed, no proposal for an appropriate way to transition this technology from flat surface to tubes was made by the authors.
Similarly, the modified laser printing technique developed by Guillemot et al. allowed for printing of polymers, biomaterials, and cells from a single system. They also found that the cell death was reduced from previous methods of laser printing. 29 While these researchers discuss the potential of this method to create 3D structures with multiple components, they have yet to demonstrate this application of the technique. A modified microcontact printing method was used to plate a layer of two cell types (seeded consecutively) onto a heat-sensitive polymer which was then transferred as a single layer onto another surface. This technique also has the potential to build 3D structures with multiple cell types, but again, this was not tested. 19 The use of collagen/gylcosaminoglycan gels for micropatterning ECs was suggested as a potentially useful biomaterial for tissue engineering because the weighted patterning technique allowed for the creation of complex branching patterns. The authors also argued that the material is biodegradable and has appropriate mechanical properties for tissue engineering. However, this is still in the early stages of work and requires substantial optimization and testing. 39 One group that has created a 3D construct used micropatterned sheets that could be clamped together or rolled to create channel structures, but cell-seeding was not described. 66 Another method, while also still in the early stages, does seem closer to creating a 3D construct than some of the other work described here. Using a PDMS mold to micropattern channels into PU electrospun tube-shaped grafts, a 3D vessel was formed which had grooves that could encourage EC alignment. 79 This ability to align the ECs may generate a healthier endothelialized layer. Additionally, the PU material had material properties more similar to arterial tissue than some of the currently available synthetic graft materials. Electrospun PLA scaffolds have also been proposed as a potential tissue-engineered scaffold. Various ECM proteins as well as their combinations have been inkjet printed onto this potential scaffold. 86 The combination of micropatterning with these scaffolds may also improve the endothelial layer; however, as with the ePTFE printing, the ability to print these proteins onto the abluminal surface was not shown.
While this review has focused on the micropatterning of ECs, many other types of cells have been micropatterned, including various stem cells. Mesenchymal stem cells, 77 embryonic stem cells, 32 and endothelial progenitor cells 82 have all been micropatterned and represent potential alternative cell sources for tissue engineering of vascular grafts. Since ECs are isolated from vessels, they are somewhat impractical for autologous use in a patient. As with autologous vessel usage, autologous cell isolation would cause some donor site morbidity; therefore, stem or progenitor cells may be preferable to mature ECs.
CONCLUSION
The ability to confine and alter EC morphology has clearly been accomplished through a large variety of micropatterning techniques. While some methods have been used quite commonly, others have been uniquely modified for a specific outcome or to improve upon an existing method for technical purposes. Different methods have set out to improve automation, resolution, repeatability, and cost from other techniques. The resulting patterned cells have altered cell shape, cytoskeletal alignment, migration, gene expression, protein production, immunological response, and mechanical properties. ECs that were micropatterned into an elongated morphology showed many similarities to the well-established phenotype of ECs elongated by fluid shear stress; however, more work is necessary to continue to tease out the differences between cells elongated by biochemical or topographical cues and those elongated by flow.
Additionally, the ability to apply the information learned with micropatterning has great potential, but is yet to be realized. There are numerous studies which have used micropatterning to learn more about EC behavior, tubulogenesis, and vascular tissue engineering, yet there is still much more to discover. While many of the studies described here for tubulogenesis and tissue engineering with micropatterning are still in the early stages of development and are far from a practical solution, the potential for EC guidance through a 3D structure or a functional vascular graft is supported by early micropatterning work. 
